ABSTRACT
INTRODUCTION
Economical, political and environmental issues increase the interest on electrical mobility. In fact, EVs can significantly reduce the usage of fossil fuels, and consequently the greenhouse gas global emission, ensuring at the same time (together with renewable energy resource, RES) to diversify the energy mix. The EVs impact on the grid depends on how and when their charging is done. The worst case would be all drivers recharging in the evening when they return from work, drawing maximum charging current, when the load demand is at its maximum. Power congestions and voltage fluctuations, overload of distribution transformers and cables, mostly in the LV distribution network, are to be expected as well as the increasing of energy losses. Different methods for controlling the EVs charging can be used in the distribution networks: centralized or decentralized approaches are both valid options, with different actors involved [1] . In [2] the authors proposed a Multi-Agent System (MAS) for demand side integration (including EVs and responsive loads) in LV networks, based on a Master-Slave interaction that allows finding a global optimum without a direct control of each resource. In the recent literature the benefits derived from the EV grid support services have been highlighted, considering unidirectional and especially bidirectional power flow between EV and the grid [3] . Bidirectional operation can maximize market and network benefits. In fact, EVs can inject both active and reactive powers and offer network services. V2G means the exploitation of vehicular energy storage systems, e.g. for mitigating the harmful intermittency nature RES. In the paper, a decentralized MAS for managing both EV charging/discharging in LV distribution networks is proposed, taking a step forward in the research activity developed in [2] . The paper shows the benefits of including the V2G concept in the optimization process, supporting the grid operation for relieving contingencies, reducing substation transformers and line overloading. Domestic EVs charging stations behave as intelligent autonomous agents with a certain level of autonomy, making decisions based on EV owner's preferences, charging infrastructure parameters, and taking into account the state of the network and energy market conditions. The scheduling is performed in such a way that the charging program keeps the voltage within a prefixed regulation band.
EV INTEGRATION
In the past years, Europe, driven by economical, political and environmental issues, has gone through the initial adoption phase of electric mobility. The success of EVs depends on a variety of factors. Without smart technologies, the EV integration calls for grid reinforcements and, generally, for investments to widening the existing hosting capacity [1] . A smart alternative is the use of a charging strategy, based on time/price signals (real-time or day-ahead locational marginal prices), to move the recharge when electricity prices are lowest (e.g., nighttime charging). The intelligent charging is a step forward, in which information about electric grid conditions (voltage node, current branch), customer needs and behaviours, and EVs' main characteristics are used to determine an optimal charging schedule.
Vehicle to grid (V2G)
With V2G, the vehicles' batteries contribute to the operation of the network by providing energy when is necessary for system operation and charging when it is good for the system. The stored energy can then be delivered back to the grid during the parking hours, giving potential benefits (provision of several ancillary services like peak power and spinning reserve). The V2G concept allows an integration of RES by exploiting the batteries as an energy storage system to help facing the intermittent nature of renewable energy sources like wind and solar energy [3] - [5] . DSOs (and TSOs) have understood the potential of energy storages because of their remarkable synergy with RES, security congestion management, losses reduction, power quality, and voltage control [6] . V2G supports the grid operation, absorbing some energy in off-load hours and to supply a certain amount of power/energy during peak periods so reducing substation transformers and line overloading, substantially increasing hosting capacity, and also contributing to reduce network losses and improve voltage profiles. V2G can defer or even avoid investments. In fact, investments are often related to consumption peaks that overload lines and transformers and/or cause the voltage out of regulation boundaries in few hours per day. The use of storage devices is way to fix network issues without the reinforcement/building assets that could be underutilized. In addition, storage systems can also advantageously be used in slow and uncertain load growth or when permissions for new assets are too long or impossible to obtain.
EV MULTI-AGENT CONTROL SYSTEM
In the paper, a MAS for managing EV charging in LV distribution networks presented in [2] has been improved to include the V2G operation in the system. The MAS includes two or more intelligent agents, each one with a local goal, that allow reaching a global objective without a central control. The key benefits of MAS are flexibility, extendibility and fault tolerance. Domestic EVs charging stations behave as intelligent autonomous agents with a certain level of autonomy taking decisions based on their local and global environment. Local environment represents EV owner's preferences and charging infrastructure parameters, while the global environment means the state of the network and energy market conditions. The scheduling is performed in such a manner that the charging/discharging strategy keeps the voltage within a prefixed regulation band.
The proposed control system
The tool developed is depicted in Fig. 1 . The first step is the identification of the network model, given by OpenDSS [7] . Then, the JAVA environment NetBeans is used to develop the MAS with JADE (open source software framework that allows the implementation of MAS, supports an asynchronous agent-programming model, communication between agents) [8] . The Master Agent (MA) receives from DSO load and voltage profiles for the next day and sends the load profile to Agents. Each Agent processes its charging/discharging strategy through the minimization of the objective function by means of a quadratic optimization function available in MATLAB. The strategy of each agent is received by the MA, which decides whether to accept or reject the programs and to repeat the algorithm, varying the load profile, according to the strategies presented. Once the algorithm reaches the convergence the optimal strategy is obtained [2] .
EV Aggregator
The MAS control can be used by Aggregators as proposed in recent European projects [9] . The charging stations are managed by a network of autonomous agents that exchange information about the state of the network with the MA to elaborate strategies that enable the achievement of both local targets (EV desired charging) and global objectives (control of voltage profile). The Aggregator sends data to agents so that they behave in such a way that services will be provided to the DSO. This result is obtained with a reduced information flow between vehicle and aggregator. The optimization problem, which seeks to minimize total costs for the period under consideration, is based on a virtual charging cost formula p(t,Pt) in (1), adopted by the MA [2] .
where:
• D(t) is the forecasted non-EV demand of the MV/LV transformer at time t; • P i (t) is the i-th EV charging/discharging power at time t; • P t is the total charging/discharging power of the EVs at time t; • P trasf is the nominal power of the MV/LV transformer; • t is the time interval (60 minutes); • N: EVs involved in the charging control system. Each Agent tries to maximize its own benefits but the deviation from the mean behavior is a cost that guides the global optimization to a real global (system) minimum (3)-(4).
where P i denotes the i-th agent power, P -i the power of other agents (excluding i-th agent), avg(P t ) is the average of the power controlled by Agents, t is the time at the beginning of each interval, T is the final time of the period and δ is a tracking parameter. 
The EV charging station Agent
In order to implement the V2G model, three factors must be taken into account: the current-carrying capacity of the wires connecting the charging station through the building to the grid, the stored energy in the vehicle (divided by the time it is used) and the rated maximum power of the vehicle's power electronics [10] . The charging behaviour of the batteries is affected by different factors, such as the type of connection (unidirectional or bidirectional), their charging voltage and current levels, battery status and capacity, charging duration, etc. Assuming that all EVs are fully charged at the end of the charging period, the optimization problem to be solved is subject to the constraints (5) - (7):
where SOC i (t) is the i-th EV battery state of charge at time t, C bat is the capacity of the EV battery, C eff is the charging efficiency and P plug is the maximum charging power of the charging infrastructure. The optimal usage of storage depends not only on instantaneous data, but also on the previous and future operation decisions (3). For this reason, the energy stored until the time t and the charging (and discharging) strategy proposed by the EV agent are considered in the optimization process (8) .
To avoid overcharging (9) or too slow discharge (10), inequalities have to be added to the optimization problem:
Where SOC i , min and SOC i , max are the i-th EV battery state of charge suggested to avoid battery degradation respectively; E i,nom is the nominal Energy of the i-th battery, and k max,i e k min,i are coefficients [0.0 ÷1.0]. To respond to the DSO requirements, customers and power system equipment have to operate within a range of voltage, usually ±5% of the nominal voltage. In the proposed methodology the MA uses the flexibility of EV to offer system services as voltage regulation and congestion relieves. In order to achieve such a goal, each Agent has to optimize its load profile subject to the technical constraints expressed by (11).
• n: total number of Agents located in the same feeder of the LV network; • k: external iteration index, managed by the MA until optimal EV strategy is reached; : coefficient of sensitivity [2] .
CASE STUDY
The MAS control system has been applied to an urban area (representative of urban Italian distribution networks) with a reasonable penetration of EVs connected to the distribution network. The test network is supplied by one MV/LV substation with a 15/0.4 kV 630 kVA transformer (Fig. 2) . Six feeders, with 53 LV buses and 189 urban loads, constitute the network. There are residential loads and tertiary loads, characterized by different daily load curves. The average voltage threshold is required to be equal to 0.95 p.u., in order to satisfy the power quality service imposed by DSO (ΔV TH =5%). EV charging stations are connected to the LV nodes as shown in Fig. 2 . The charging stations involved in the MAS direct control are 90, and manage different owners needs (charging time and SOC). 70% of the EVs adopt the V2G technology. 
RESULTS AND DISCUSSION
The results of simulations show that the scheduled load demand (red line in Fig. 3 ) causes voltage drops in the majority of feeders in the test network (Fig. 4) between 6 p.m. and 8 p.m., limiting the allowable amount of EV charging load. Considering only the charging mode available in the MAS control, the voltage profile is improved in some feeders, but some constraint violations still remain in some feeders because at the peak hours the voltages are already below the threshold, due to conventional loads. As a consequence, the EVs start charging after the desired plug-in time, and cannot be fully charged at the plugout time (11 p.m.). By introducing the charging/discharging strategy in the MAS control (blue line in Fig. 3 ) voltage regulation issues are fixed. Indeed, with V2G the MAS results in charging the EVs during the low demand period (green dashed line in Fig. 3) , and the average voltage profile by feeder remains within the voltage threshold imposed by the DSO (red dashed line in Fig. 5 ). The MAS reduces the lines and transformer loading in the peak hours (respectively 20% and 10%) because the EVs enabling V2G contribute through their discharging to reduce power flow, giving an economic alternative to network reinforcement (necessary without V2G).
CONCLUSIONS
In the paper, a Multi-Agent System (MAS) for the optimal charging/discharging strategy of EVs is proposed. The strategy allows exploiting the potential of energy storages, supporting the grid operation (e.g., absorbing the energy in off-load hours and supplying energy during peak periods), reducing substation transformers and line loading, and increasing hosting capacity. By using an iterative exchange of information between the Aggregator and EV charging stations the V2G alternative has been considered to manage the voltage control of the network and to offer services to DSO. In order to illustrate the algorithm effectiveness the MAS control has been implemented in an Italian test network, showing the significant benefits reached with V2G. 
